The complement system is a crucial component of the innate immune response against invading bacterial pathogens. The human pathogen Neisseria meningitidis (Nm) is known to possess several mechanisms to evade the complement system, including binding to complement inhibitors. In this study, we describe an additional mechanism used by Nm to evade the complement system and survive in human blood. Using an isogenic NalP deletion mutant and NalP complementing strains, we show that the autotransporter protease NalP cleaves C3, the central component of the complement cascade. The cleavage occurs 4 aa upstream from the natural C3 cleavage site and produces shorter C3a-like and longer C3b-like fragments. The C3b-like fragment is degraded in the presence of the complement regulators (factors H and I), and this degradation results in lower deposition of C3b on the bacterial surface. We conclude that NalP is an important factor to increase the survival of Nm in human serum.
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serum resistance | immune evasion T he Gram-negative capsulated bacterium Neisseria meningitidis (Nm) is one of the major causes of meningitis and septicemia worldwide (1) . During the course of infection, the bacterium must adapt to different host niches, a crucial factor for its survival and dissemination (2) . Evasion of the complement system is critical for Nm to cause invasive disease. The observation that people deficient in various complement components are highly predisposed to invasive meningococcal disease provides epidemiologic evidence for the role of complement in host defense against this bacterial infection (3, 4) . Complement activation can occur through the classical pathway (CP), the lectin pathway, or the alternative pathway (AP). Activation of the CP and lectin pathway results in cleavage of C4; deposited C4b can bind to C2, and cleavage of the latter generates C4b,2a, which functions as a C3 convertase. Cleavage of C3 by convertases is a critical event in complement activation, because it leads to release of the anaphylatoxin C3a and deposition of C3b on the bacterial surface (5) . Strict regulation of the complement system is necessary to avoid inappropriate activation and host cell damage. As an example, C3b in the fluid phase is cleaved to iC3b by factor I (fI) in the presence of the cofactor factor H (fH). This cleavage inactivates C3b and prevents C3b from forming AP C3 convertase or AP/CP C5 convertase enzymes (6) . The ability to escape to the complement system is a key determinant in the virulence of pathogens. Bacteria can escape recognition by the complement system through the actions of cell surface structures or secreted proteins (7) (8) (9) . Nm has evolved several redundant mechanisms to evade the host innate responses at sites of colonization and during systemic growth, including expression of fHbp (10, 11) and NspA (12, 13) , that facilitate binding of fH, lipooligosaccharide (LOS) sialic acid, which inhibits complement deposition (12) , and Opc protein, which binds to vitronectin (2) . In a recent functional genomic study, we identified factors involved in Nm survival in human blood (14) . One of these factors is NalP, which is an autotransporter with subtilisin-like serine protease activity that is involved in autoproteolytic processing, resulting in secretion of the NalP passenger domain into the bacterial supernatant (15, 16) . The expression of NalP is phasevariable because of slipped-strand mispairing of a polycytidine tract in the coding sequence (17) . NalP contains a lipobox at the C-terminal end of the signal sequence; the lipid moiety permits anchorage in the outer membrane (16). Lipidated NalP proteins are only temporarily retained at the cell surface; however, the lipid moiety retards the release of NalP passenger domain from the bacterial surface and allows the partial or total cleavage of surface protein targets on bacterial surface (18) , including IgA protease Iga, adhesion and penetration protein App (16), autotransporter serine protease AusI (19), Neisserial heparin binding antigen NHBA (20) , and lactoferrin binding protein LbpB (21) . This activity modulates the expression of meningococcal proteins at bacterial surface and also has recently been implicated in the formation and regulation of Nm biofilm (22) . Although several bacterial targets of NalP protease have been well-characterized, host targets of NalP have not been identified thus far. In this work, we elucidate the molecular basis of Nm complement resistance mediated by NalP.
Results
NalP Protease, and Not Its Protein Targets, Is Essential for Survival in Human Serum. In a previous study of Nm transcriptome analysis in human blood, we showed that the nalP gene was up-regulated during incubation in human blood and that survival of a nalP deletion mutant (named MCΔnalP) in human blood was impaired (14) . To further characterize the NalP phenotype, we
Significance
The complement system is a crucial component of the innate immune response in humans. In this study, we report the characterization of an autotransporter protease of Neisseria meningitidis named NalP. We show that NalP is able to cleave the α-chain of the human complement factor C3 in a speciesspecific manner. As a consequence, the deposition of C3b on the bacterial surface is reduced and, in human serum, the NalPgenerated C3b fragment is further degraded by host factors. Our results significantly increase the knowledge of how N. meningitidis can survive and multiply in human serum, evading the innate immune system.
complemented the strain MCΔnalP with the shuttle vector pFP-12 expressing nalP under the control of a constitutive promoter to generate the complementing strain MCΔ-CnalP. The expression of NalP in the three different isogenic strains was evaluated by Western blot analysis. As shown in Fig. 1A , the complementing strain expressed NalP in its active form. Three different specific fragments were detected in whole-cell protein lysates: the fulllength form (∼110 kDa), a ∼70-kDa fragment corresponding to the passenger domain that also contains the catalytic domain, and the ∼30-kDa translocator domain fragment (15, 16) . The presence of only the passenger domain but not intact NalP or the translocator domain in the supernatants prepared from the NalPexpressing strains was confirmed by Western blot analysis (Fig.  1B) . The complementing strain MCΔ−CnalP expresses higher amounts of NalP compared with the WT strain, likely because of the episomal complementation system used. The WT, mutant, and complementing strains were tested for survival in human serum. As shown in Fig. 1C , the strain lacking NalP was killed in human serum, and survival was restored in the complementing strain, confirming a role for NalP in the survival of Nm in human serum. Heat-inactivated serum (all complement pathways inactivated) was used as control and showed similar survival for all strains, confirming a role for complement in killing of the NalP mutant (Fig. 1D) . The survival of the three isogenic Nm strains in human whole blood paralleled with the phenotype observed in human serum (Fig. S1 ). NalP is a surface-exposed autotransporter with serine protease activity able to cleave different surface-exposed proteins, including Iga, NHBA, AusI, App, and LbpB (15, 16, 20, 21) . To determine whether NalP contributed to Nm survival in blood through an indirect effect by cleaving one or more of the known target proteins, deletion mutants of each NalP target were generated individually in strain MC58. Because nalP is prone to phase variation (15, 16) , each mutant strain was tested for NalP expression. Western blot confirmed that all of the mutant strains express comparable levels of NalP (Fig. S2A) . The WT MC58 and mutant strains were then incubated in human whole blood for 2 h. Samples were obtained at various time points to assess the number of viable colonies (colony forming unit, cfu). As shown in Fig. S2B , bacterial survival for each mutant strain was similar to the MC58 WT strain. This result suggests that the phenotype observed in human blood for the nalP deletion mutant strain is not caused by the cleavage of one of the known NalP targets.
NalP Specifically Cleaves Human C3. Looking for additional NalP targets, we explored the possibility that NalP could inactivate components of the complement system. The WT MC58 strain and its MCΔnalP deletion mutant and MCΔ−CnalP complementing strain were examined for their ability to cleave complement proteins C1q, C2, C3, and C4, which are involved in activation of the complement cascade. Nm strains were incubated with each of the purified complement molecules for 16 h at 37°C, and the effect of NalP on the complement factor was determined by Western blot analysis. C1q, C2, and C4 were not cleaved by any of the strains (Fig. S3 ). In contrast, incubation of WT MC58 with human C3 generated an ∼100-kDa α-chain fragment that was absent in the reaction containing the MCΔnalP deletion mutant strain (Fig. 2A) ; the cleavage was more evident with the complementing strain MCΔ−CnalP, which expressed the highest amounts of NalP. To evaluate whether the passenger domain of NalP, released in the bacterial supernatant after its autoproteolytic processing, had similar C3 cleaving activity, concentrated supernatants from the WT, deletion mutant, and complementing MC58 strains were assayed for human C3 cleavage. The passenger domain alone that contains the catalytic activity of NalP and is released in the supernatant of WT and MCΔ−CnalP complementing strains was able to cleave human C3 (Fig. 2B ). We used rabbit polyclonal α-C3/C3a antibody to immunoprecipitate C3 and its fragments from the reaction mixture, and we observed that a fragment of ∼10 kDa was also generated by bacterial supernatants from WT and NalP complementing strains. This fragment comigrated with the natural C3a (Fig. 2C) . To map the cleavage site, the ∼100-kDa C3 fragment generated by NalP was subjected to N-terminal sequence analysis. The sequence obtained (745-GLARSNLDED-754) showed that NalP cleaved the C3 α-chain 4 aa N-terminal to the physiologic cleavage site of C3 convertase, which cleaves C3 between Arg748 and Ser749 (Fig.  2D) . Hence, NalP generated a C3a-like molecule that is 4 aa shorter than physiologic C3a and a C3b-like fragment that is 4 aa longer than the natural C3b. Despite several attempts, we were unable to express in Nm a NalP protein that contained a loss of function mutation in the catalytic triad. Hence, to confirm the specificity of the cleavage, the C3 cleavage assay was conducted in the presence of increasing concentrations of the serine protease inhibitor PMSF. We observed a dose-dependent inhibition of C3 cleavage, and cleavage was completely abrogated at 5 mM PMSF (Fig. 2E) . To further confirm NalP-specific C3 cleavage, we cloned and expressed the WT and mutated nalP genes in Escherichia coli strain BL21-DE3 using the expression vector pET-21b to generate strain Ec-NalP and Ec-NalPS426A, respectively. Western blot Western blot analysis showed the expression of NalP in Nm WT and NalP complementing strain but not NalP deletion mutant. Three forms of NalP, corresponding to the full-length protein (100 kDa), the released passenger domain (70 kDa), and the translocator domain (30 kDa), are indicated by arrows. *Not specific bands. A schematic representation of NalP protein with different domains is also shown. The catalytic site of the passenger domain is indicated by a light gray box, and the catalytic triad is indicated by vertical black lines. (B) The presence of only the passenger domain but not intact NalP or the translocator domain in the supernatant was confirmed by Western blot analysis. (C) Nm WT, NalP deletion mutant, and complementing strains were tested for survival in human serum at 40% over a time course of 120 min using serum from two different blood donors. The graphs represent the survival in human serum, whereas Insets represent the growth control in GC-rich medium for the same time course of 120 min. Error bars are indicated by vertical lines. (D) Complement is required for killing of the NalP mutant. All strains survived in heat-inactivated human serum (complement activity abrogated by heat treatment at 56°C for 30 min).
analysis (Fig. S4A) showed that NalP was expressed and localized in the outer membrane protein fraction in strains Ec-NalP and EcNalPS426A; mutation of the serine at position 426 to alanine (S426A) abolished autoprocessing and secretion of the passenger domain in the supernatant of strain Ec-NalPS426A. Bacterial pellets and concentrated supernatants from cultures of E. coli strains Ec-NalP, Ec-NalPS426A, and Ec-pET (vector control) were tested for their ability to cleave human C3. The C3 α-chain was cleaved only in the presence of pellet and supernatant fraction prepared from strain Ec-NalP that expressed WT NalP but not the strain that expressed NalP with the S426A mutation, thereby confirming specificity of the cleavage mediated by NalP (Fig.  S4B) . The interaction of Nm with several human proteins has been shown to be species-specific (13, 23, 24) . To investigate whether the cleavage of C3 mediated by NalP was restricted to the human protein, a cleavage assay was performed using C3 purified from rabbit and mouse sera. Culture supernatants from Nm strains MC58, MCΔnalP, and MCΔ−CnalP were incubated with rabbit or mouse C3, and the mixtures were then analyzed by Western blot using anti-rabbit C3 or anti-mouse C3, respectively. NalP failed to cleave both rabbit and mouse C3, suggesting that NalP cleaves C3 in a human-specific manner (Fig. 2 F and G) .
NalP Decreases C3b Deposition on the Bacterial Surface. Having shown that NalP is able to cleave human C3, we hypothesized that NalP-mediated C3 cleavage would inhibit complement activation and C3b fragment deposition on the bacterial surface. As shown in Fig. 3A , fewer C3b fragments were deposited on MC58 and MCΔ−CnalP strains compared with the MCΔnalP deletion mutant strain, which was measured by flow cytometry. Thus, NalP expressed on the bacterial surface is able to cleave human C3 and limit deposition of C3b on the bacterial surface.
C3b-Like Molecule Generated by NalP Is Degraded by Serum Host Factors. One possibility to explain the lower deposition of C3b on the bacterial surface observed above is that the NalP-generated C3b-like fragment is susceptible to degradation by complement regulators. One known mechanism of regulation involves proteolysis of C3b by fI in conjunction with its cofactor fH, which binds C3b and increases the affinity for fI (6) . To test this hypothesis, human C3 was first incubated with concentrated supernatant from culture of MCΔ−CnalP to generate the C3b-like cleavage fragment. This mixture was then incubated with human fH and fI either combined or separately (Fig. 3 B and D , respectively) or 2% (vol/vol) human C3-depleted serum that served as a source of fH and fI (Fig. 3C) for periods of time ranging from 0 to 1 h. fH and fI degraded only the C3b-like molecule generated by NalP (Fig. 3C , open arrow) but had no effect on intact C3. These results showed specific degradation of only the C3b-like molecule generated by NalP by fH and fI. Fig. 2 . NalP specifically cleaves human C3. (A) Nm WT, NalP deletion mutant, and complementing strain bacterial pellets were incubated with human C3 at 37°C for 16 h. Western blot analysis showed that NalP-expressing strains were only able to cleave C3 α-chain and not C3 β-chain (black arrows), releasing a C3b-like α′ of ∼ 100 kDa (open arrow). (B) The supernatants were tested for their ability to cleave human C3 after 3 or 16 h of incubation. Only bacterial supernatants containing NalP passenger domain (i.e., WT and complementing strains) were able to cleave human C3 α-chain. Cleavage was evident even after 3 h of incubation. (C) A molecule with a size similar to C3a is released from C3 after cleavage by NalP. The reaction mixture was immunoprecipitated using rabbit polyclonal α-C3/C3a antibody. The Western blot analysis with anti-human C3a showed a C3a-like molecule of ∼ 10 kDa generated only in reactions that contained supernatants (SNs) from the WT and complementing strains that possessed the passenger domain of NalP. (D) The C3b-like fragment, generated by NalP, was subjected to N-terminal sequencing. The results revealed that NalP cleaved human C3 between Lys744 and Gly745 (4 aa N-terminal to the C3 convertase cleavage site), thereby generating a shorter C3a-like molecule and a longer C3b-like molecule compared with the corresponding physiological counterparts. (E) The C3 cleavage assay using bacterial supernatant obtained from the complementing strain was conducted in the presence of increasing concentrations of the serine protease inhibitor PMSF ranging from 0.1 to 5 mM. Western blot analysis of samples showed a dose-dependent inhibition of human C3 cleavage by NalP, and the cleavage was completely abrogated at 5 mM PMSF. (F and G) Cleavage of C3 by NalP is human-specific. NalP from bacterial supernatants was tested for its ability to cleave C3 isolated from (F) rabbit and (G) mouse serum by Western blot analysis, and no cleavage was observed. In the case of mouse C3, the antibody used does not detect the C3 β-chain.
Discussion
NalP is a surface-exposed autotransporter of Nm with serine protease activity that has been shown to cleave several proteins on the outer membrane of Nm. In this work, we have shown that NalP also cleaves a host protein and that this cleavage represents a major mechanism for survival in human serum. We provide evidence that NalP is able to cleave human C3 in a humanspecific manner. The cleavage occurs 4 aa upstream from the natural cleavage site and produces a shorter C3a-like and longer C3b-like fragments. The C3b-like fragment generated by NalP is susceptible to degradation by the complement inhibitors, fH and fI. This degradation results in reduced deposition of C3b on the surface of Nm. We have not investigated whether the C3a-like fragment generated by NalP is active; however, it lacks the C-terminal arginine that is known to be essential for its activity. Therefore, we believe that the NalP cleavage of human C3 generates a C3a-like fragment that does not possess the anaphylatoxin activity of C3a generated physiologically by C3 convertases. It is likely that both the decreased C3b deposition and the absence of the anaphylatoxin activity contribute to Nm immune evasion and survival in serum and blood.
Species-Specific Cleavage of Complement Factors. Proteolytic cleavage of complement components by bacterial proteases is a mechanism used by many human pathogens. Examples are streptococcal cysteine protease SpeB, which degrades C3 to inhibit bacterial clearance (25) , the streptococcal cell-associated peptidase ScpA, which cleaves C5a to inhibit neutrophil chemotaxis (26) , GelE of Enterococcus faecalis (27) and aureolysin of Staphylococcus aureus, which cleave C3 (28), EspP of enterohemorrhagic E. coli, which cleaves C3 and C5 to impair complement activation (29) , and PgtE of Salmonella enterica, which proteolytically cleaves C3b, C4b, and C5 to enhance bacterial resistance to human serum (30) .
NalP is the only known Nm protein that cleaves C3 and promotes bacterial survival, because a nalP deletion mutant was not able to cleave C3 or survive in human serum or whole blood. However, the phenotype was restored when nalP was complemented in trans through episomal expression. Although our attempts to generate a complementing strain expressing NalP that was mutated in the catalytic triad were not successful, the specificity of the catalytic domain of NalP in the C3 cleavage was confirmed by expressing WT NalP and a mutant NalP that lacked catalytic activity (S426A) in a nonpathogenic E. coli strain. We also showed that NalP could cleave human C3 but not rabbit or mouse C3, suggesting that the cleavage is species-specific. Although the full amino acid sequence of rabbit C3 is not available, alignment of several available nonhuman C3 amino acid sequences, including mouse C3, shows some diversity in the region surrounding the NalP cleavage site that can explain the species specificity of the cleavage (Fig. S5) . The species specificity of NalP is consistent with the other Nm proteins that interact specifically with human factors, which include fHbp, NspA, opacity proteins, and transferring binding protein (13, 24, 31, 32) . The specificity of interactions with human factors may explain why Nm is strictly a human pathogen and why antibody-mediated killing of Nm in vitro is more efficient when complement is derived from rabbits, rats, or mice, with fH and C3 that are not recognized by fHbp, NspA, or NalP, respectively.
Molecular Mechanisms for Survival in Serum. It is likely that C3 that is cleaved by NalP-and particularly, the C3 molecules cleaved in solution by the released passenger domain-does not form covalent bonds with the bacteria, because the thiolate and acylimidazole intermediates that are formed on exposure of internal thioester bond in C3 after release of C3a (or C3a-like) are highly labile with a half-life <100 μs (33) and thus, may undergo hydrolysis by reacting with a water molecule before encountering electron-donating -OH residues on the bacterial surface. Similar to the ability of fH and fI to rapidly cleave C3b that is generated by C3 convertases (6), the C3b-like molecule generated by NalP is also rapidly degraded by fH and fI. Thus, activation of C3 in the fluid phase followed by rapid degradation of the C3b-like molecule by fI and fH (either in solution or bound to the bacterial surface through ligands, such as fHbp and NspA) could constitute a mechanism of complement escape. The C3a molecule produced by C3 convertase is one of the anaphylatoxins of the complement system and has diverse effects ranging from the release of histamine from human mast cells to chemotaxis of basophils and eosinophils to activation of neutrophils (34) (35) (36) (37) . The activity of C3a in the bloodstream and tissues is tightly controlled by carboxypeptidases, which rapidly remove the Cterminal Arg residue (38, 39) . The resulting molecule, called C3a-desArg, is devoid of proinflammatory activity (40) . We, therefore, believe that the C3a-like molecule generated by NalP, which lacks the C-terminal 4 aa, would also lack the biological functions observed by intact C3a. Similar to NalP, S. aureus aureolysin also cleaves C3 at a single site. Unlike NalP, aureolysin cleaves C3 2 aa C-terminal to the C3 convertase cleavage site to generate functionally active C3b and C3a (28) . In contrast to NalP, the streptococcal cysteine protease SpeB fully degrades C3 as a result of cleavage at multiple sites (25) .
NalP Expression in Neisseria Species. Based on a bioinformatics analysis conducted with the genomic sequences available in the databases, Nm is the only species of the genus Neisseria that possesses a functional nalP (Table S1) . nalP is not present in any commensal species but is present in the human pathogen N. gonorrheae. However, none of the N. gonorrheae genome sequences analyzed (17 strains) seem to encode full-length NalP proteins because of the presence of premature stop codons (Table S1 ). This analysis is in accordance with a previous report that nalP in N. gonorrheae FA1090 is a pseudogene because of the presence of numerous termination codons (15) . In the case of Nm, the nalP gene was present in all but one of the strains analyzed (Table S1 ). About one-half (13 of 27) of the sequences analyzed (listed in Table S1 ) possess a frameshift in the polycytidine region that results in phase variation. It is conceivable that Nm needs to switch the expression of the nalP gene on or off in different niches of its human host. In the context of adaptation and proliferation in human blood, strains that are phase-off could revert to phase-on phenotype to express nalP and facilitate the survival in human blood. We propose that Nm strains that show high rates of nalP gene phase variation may possess an advantage when causing invasive disease in humans.
In a recent molecular epidemiology study of 647 Nm isolates, nalP was not identified in ∼11% of the strains because of deletion events in the nalP locus (41) . The infrequency of the nalP deletion suggests that it is disadvantageous for the bacteria and that, in the nalP-negative strain, the function could be compensated by other factors or other mechanisms. This hypothesis recalls the redundancy in fH binding by Nm, where strains lacking fHbp can use NspA to bind fH (13, 14) to avoid complement activation on bacterial surface.
Role of the NalP-Secreted Passenger Domain and Full-Length Molecule.
The full-length NalP protein is exposed on the meningococcal surface, whereas the passenger domain is released in the supernatant (15, 16) . Roussel-Jazédé et al. (18) reported that the lipid moiety of NalP enables it to be retained at the cell surface for a duration sufficient to cleave its targets on bacterial surface. However, none of the NalP targets seem to contribute to serum resistance of Nm. The majority of NalP on the surface is eventually autoprocessed, and the passenger domain with its catalytic domain is released into the supernatant (16, 42). We have shown that the full-length protein on bacterial surface as well as the released passenger domain both cleave human C3. Inhibition of complement activation by NalP occurs by cleavage of C3, which generates a functionally inactive C3a-like molecule, whereas the corresponding C3b-like fragment is inactivated rapidly by fH and fI (Fig. 4) . For NalP to function as a complement inhibitor, it is crucial that the passenger domain is secreted in the extracellular environment, and therefore, it can cleave C3 distal to the bacterial surface to generate C3b that is incapable of forming covalent bonds with bacterial targets to generate C3 convertases as described above. We believe that the released passenger domain is mainly responsible for cleavage of C3 in fluid phase. However, C3 cleavage by NalP expressed on bacterial surface may contribute to serum survival by reducing the generation of active C3 convertases on the membrane. It will be of interest to determine if the inhibition of complement activation is the result of increased degradation of the C3b-like molecule, decreased deposition of the C3b-like molecule on bacterial surface, or decreased ability of the C3b-like molecule to interact with factor B to form active C3/C5 convertases. Future studies will be needed to address the importance of NalP in the pathogenesis of Nm infections and how the full-length and secreted forms of NalP contribute to complement inhibition.
In conclusion, Nm has evolved several redundant mechanisms to evade the host innate responses at sites of colonization and during systemic growth (7, 43) . Several molecules, such as the capsule, fHbp, and NspA, cooperate to confer serum resistance. Here, we have shown that NalP is an additional important molecule that contributes to the arsenal of meningococcal defenses to evade the immune system.
Materials and Methods
Bacterial Strains and DNA Manipulation. The strains, plasmids, and primers used in this study are listed in Tables S2 and S3 . Detailed descriptions of bacterial strains, growth conditions, and methods for DNA manipulation and construction of Nm recombinant strains are provided in SI Materials and Methods.
Survival Experiments in Human Whole Blood and Human Serum. The experiments of survival in human blood and human serum were performed as previously described (14) . Bacteria were grown until midexponential phase and then added to human whole blood or human serum at 40% in D-PBS. Cultures were incubated for 2 h; at various time points, an aliquot of the sample was removed, and the number of viable bacteria was determined by plating serial dilutions. Detailed methods and additional details are reported in SI Materials and Methods.
Complement Cleavage Assay. Nm MC58 WT, NalP deletion mutant, and complementing strains were grown in Gonococcal (GC) Medium Base until midlog phase. Then, bacteria were centrifuged, the pellet was incubated with single complement factors (human factors C1q, C2, C3, and C4 and rabbit and mouse C3) for 16 h at 37°C while shaking. Complement factor cleavage for each factor was detected by Western blot analysis. The same experiment was performed using 50× concentrated bacterial supernatant. The specificity of human C3 cleavage by NalP expressed on Nm bacterial surface was determined using the serine protease inhibitor PMSF. The activity of purified rabbit and mouse C3 was tested by checking rabbit or mouse C3 deposition on yeast glucan particles in presence of human C3-depleted serum (Fig. S6) . Detailed methods are reported in SI Materials and Methods.
Analysis of C3 Fragments. After incubation of C3 with concentrated bacterial supernatant from Nm NalP complementing strain, C3 fragments (C3a-and C3b-like molecules) were immunoprecipitated and then analyzed by Western blotting. The C3b-like molecule was purified and subjected to N-terminal sequencing (Alphalyse). In addition, the C3b-like molecule was tested for degradation by human host factors by adding fH and fI or 2% (vol/vol) human C3-depleted serum. C3b-like molecule degradation was analyzed by Western blotting. Additional details are reported in SI Materials and Methods.
C3b Deposition on Nm Bacterial Surface. Nm WT, NalP deletion mutant, and complementing strains were grown in GC medium until midlog phase. Then, bacteria were resuspended in 50% human serum diluted in HBSS ++ and incubated at 37°C for 60 min while shaking. C3b deposition was detected by FACS analysis. Additional details are reported in SI Materials and Methods. Fig. 4 . Schematic representation of the contribution of NalP in Nm complement evasion. For NalP to function as a complement inhibitor, NalP full-length protein on bacterial surface as well as the passenger domain containing the catalytic site and secreted in the extracellular environment must both cleave human C3. Inhibition of complement activation by NalP occurs by cleavage of C3, which generates a functionally inactive C3a-like molecule, whereas the corresponding C3b-like fragment is inactivated rapidly by fH and fI. Thus, the activity of NalP leads to the inactivation of C3 in human blood at surface level and distal to the bacterial surface, resulting in the inhibition of C3b deposition and therefore, serum resistance.
